Kenney MJ, Meyer CN, Hosking KG, Fels RJ. Is visceral sympathoexcitation to heat stress dependent on activation of ionotropic excitatory amino acid receptors in the rostral ventrolateral medulla? Am J Physiol Regul Integr Comp Physiol 301: R548 -R557, 2011. First published June 1, 2011 doi:10.1152/ajpregu.00113.2011.-Acute heat stress activates visceral sympathetic nerve discharge (SND) in young rats, and the functional integrity of the rostral ventrolateral medulla (RVLM) is required for sustaining visceral sympathoexcitation during peak increases in internal body temperature (Tc). However, RVLM mechanisms mediating SND activation to hyperthermia remain unknown. In the present study, we investigated the role of RVLM ionotropic excitatory amino acid receptors in mediating visceral SND activation to heat stress in anesthetized, young rats. The effects of bilateral RVLM kynurenic acid (Kyn; 2.7 and 5.4 nmol), saline, or muscimol (400 -800 pmol) microinjections on renal SND and splenic SND responses to heat stress were determined at peak hyperthermia (Tc 41.5°C), during progressive hyperthermia (Tc 40°C), and at the initiation of heating (T c increased from 38 to 38.5°C). RVLM Kyn microinjections did not reduce renal and splenic SND recorded during progressive or peak hyperthermia and did not attenuate SND activation at the initiation of heating. In fact, renal and splenic SND tended to be or were significantly increased following RVLM Kyn microinjections at the initiation of heating and during hyperthermia (40 and 41.5°C). RVLM muscimol microinjections at 39, 40, and 41.5°C resulted in immediate reductions in SND. These data indicate that RVLM ionotropic glutamate receptors are required for mediating visceral sympathoexcitation to acute heating and suggest that acute heating activates an RVLM ionotropic excitatory amino acid receptor dependent inhibitory input, which reduces the level of visceral SND to heating. rostral ventrolateral medulla; sympathetic nerve discharge; kynurenic acid; acute heat stress THE ROSTRAL VENTROLATERAL medulla (RVLM) is a brain stem region that plays a critical role in regulation of sympathetic nerve discharge (SND) (3, 10, 11, 15, 17, 22, 38, 54 -56). RVLM neurons receive both inhibitory and excitatory synaptic inputs, mediated to a large extent by ␥-amino butyric acid (GABA) and excitatory amino acid (EAA) receptors, respectively (3, 11, 15, 17) . RVLM muscimol (GABA A receptor agonist) microinjections decrease SND and arterial blood pressure (7, 14, 16, 18, 50, 51) , whereas RVLM microinjections of the EAA transmitter, L-glutamate, increase SND and arterial blood pressure (18, 48) . Blockade of RVLM GABA receptors increases arterial blood pressure and SND (17, 36, 41) , supporting the existence of a tonic inhibitory tone that appears to arise primarily from GABAergic inputs to the RVLM from the caudal ventrolateral medulla (CVLM) (3, 10, 11, 15, 17, 22, 38, 54 -56). In contrast, bilateral RVLM microinjections of kynurenic acid (Kyn), an ionotropic EAA receptor antagonist, exert little effect on resting levels of mean arterial pressure (MAP) in the rat (22, 32, 57, 59) .
THE ROSTRAL VENTROLATERAL medulla (RVLM) is a brain stem region that plays a critical role in regulation of sympathetic nerve discharge (SND) (3, 10, 11, 15, 17, 22, 38, 54 -56) . RVLM neurons receive both inhibitory and excitatory synaptic inputs, mediated to a large extent by ␥-amino butyric acid (GABA) and excitatory amino acid (EAA) receptors, respectively (3, 11, 15, 17) . RVLM muscimol (GABA A receptor agonist) microinjections decrease SND and arterial blood pressure (7, 14, 16, 18, 50, 51) , whereas RVLM microinjections of the EAA transmitter, L-glutamate, increase SND and arterial blood pressure (18, 48) . Blockade of RVLM GABA receptors increases arterial blood pressure and SND (17, 36, 41) , supporting the existence of a tonic inhibitory tone that appears to arise primarily from GABAergic inputs to the RVLM from the caudal ventrolateral medulla (CVLM) (3, 10, 11, 15, 17, 22, 38, 54 -56) . In contrast, bilateral RVLM microinjections of kynurenic acid (Kyn), an ionotropic EAA receptor antagonist, exert little effect on resting levels of mean arterial pressure (MAP) in the rat (22, 32, 57, 59) .
Several investigations have studied the functional balance of excitatory and inhibitory synaptic inputs to RVLM presympathetic neurons under basal conditions (17, 22) . Ito and Sved (22) reported that, after injection of muscimol into the CVLM, blockade of RVLM ionotropic EAA receptors (Kyn microinjection) reduced MAP to levels similar to those produced by blockade of autonomic ganglionic transmission. To explain these results, Ito and Sved (22) proposed a model suggesting that, under basal conditions, a tonically active, Kyn-sensitive input to the RVLM simultaneously excites sympathoexcitatory neurons and activates a counterbalancing inhibition of sympathoexcitatory neurons, an effect that likely includes a projection from the RVLM to the CVLM and subsequent excitation of an inhibitory projection from the CVLM to the RVLM. Thus, under basal conditions, blockade of RVLM ionotropic EAA receptors may remove both tonic excitatory and inhibitory influences on RVLM sympathoexcitatory neurons, resulting in little or no change in MAP (22) . These observations provided consideration for the existence of a novel RVLM glutamate-activated inhibitory pathway. Horiuchi et al. (17) reported that bilateral inactivation of CVLM neurons significantly increased MAP and renal SND; however, subsequent RVLM Kyn microinjections did not substantially affect renal SND and did not reduce MAP to levels consistent with ganglionic blockade. These investigators concluded that the renal sympathoexcitation observed under conditions when inputs from the CVLM to the RVLM are blocked, at the same time that EAA drive to the RVLM has been removed, is likely dependent either on non-EAA inputs from a source other than the CVLM, or on the autoactivity of RVLM neurons (17) . These studies provided seminal observations demonstrating the complexity of RVLM mechanisms regulating basal levels of MAP and SND.
Recent studies have investigated RVLM mechanisms contributing to sympathetic activation in several pathophysiological states and in response to various physiological stressors (2, 6, 8, 20, 21, 32, 39, 42, 59) . Bilateral RVLM Kyn microinjections reduce MAP in hypertensive, but not normotensive, rats (8, 20, 21) and reduce MAP and renal SND in congestive heart failure, but not sham heart failure, rats (59) . RVLM Kyn microinjections reduce MAP in water-deprived, but not waterreplete, rats (6) , block splanchnic sympathoexcitatory responses to peripheral chemoreceptor stimulation (42) , attenuate increases in MAP evoked by electrical stimulation of sciatic nerve afferents (32) , reduce lumbar SND activation to hyperinsulinemia (2) , and attenuate the initial increases in MAP and renal SND to air-jet stress (39) . On the other hand, RVLM Kyn microinjections do not affect plateau cardiovascular and SND responses to air-jet stress (39) and do not alter SND activation to stimulation of central chemoreceptors (42) . Collectively, these results demonstrate that RVLM ionotropic EAA receptors play a key role in mediating sympathoexcitation in various pathophysiological conditions and in response to specific physiological interventions; however, their involvement is not ubiquitous and may depend on the type of experimental intervention, or even specific components (e.g., onset, plateau) within a specific intervention.
Hyperthermia is an environmental stressor that markedly alters efferent SND. Elevations in internal body temperature (T c ) decrease SND directed to the caudal ventral artery in anesthetized rats (23) , increase muscle SND in conscious humans (9, 44) and splanchnic SND in conscious rats (34) , and increase the level of activity directed to visceral organs in young anesthetized rats (25) (26) (27) (28) (29) (30) . In a recent study, Hosking et al. (18) reported that bilateral inhibition of RVLM synaptic activation by muscimol microinjections after increasing T c to 41.5°C, as well as interruption of RVLM synaptic activation and axonal transmission by bilateral microinjections of lidocaine at 41.5°C, produced significant reductions in hyperthermia-induced SND activation. These data suggest that the functional integrity of RVLM neural circuits is required for sustaining a substantial amount of the visceral sympathoexcitation during peak increases in T c (18) ; however, RVLM mechanisms mediating sympathetic activation to hyperthermia have not been investigated.
In the present study, we determined the effects of bilateral RVLM Kyn microinjections on visceral SND (renal and splenic) responses during three phases of heat stress: peak hyperthermia (T c increased from 38 to 41.5°C), during progressive hyperthermia (T c increased from 38 to 40°C), and at the initiation of acute heating (pretreatment before increasing T c from 38 to 38.5°C). We speculated that RVLM Kyn microinjections would influence SND responses to acute heating in at least one of three ways. First, visceral sympathoexcitation to acute heating may be dependent on activation of RVLM ionotropic EAA receptors; therefore, RVLM Kyn microinjections would be expected to markedly reduce or attenuate visceral SND responses to acute heating. Second, RVLM Kyn microinjections may exert minimal effects on visceral SND responses to acute heating, suggesting that heating-induced excitation of visceral SND is not dependent on activation of RVLM ionotropic glutamate receptors. Third, visceral SND activation to acute heating may be enhanced after RVLM Kyn microinjections, suggesting an inhibitory role for glutamatergic activation of RVLM ionotropic EAA receptors during heating.
METHODS
The experimental procedures and protocols used in this investigation were performed in accordance with the American Physiological Society's guiding principles for research involving animals and approved by the Institutional Animal Care and Use Committee at Kansas State University.
General Procedures
Experiments were completed using male Sprague-Dawley rats (300 -350 g). Anesthesia was induced by isoflurane (3%) and maintained during surgical procedures using isoflurane (1.5-2.5%), ␣-chloralose (80 mg/kg ip), and urethane (800 mg/kg ip). A catheter was placed in the femoral vein for the intravenous administration of maintenance doses of ␣-chloralose (35-45 mg·kg Ϫ1 ·h Ϫ1 ). Maintenance doses of urethane (200 mg/kg every 4 h) were administered intraperitoneally. The trachea was cannulated with a polyethylene-240 catheter, and rats were paralyzed with gallamine triethiodide (5-10 mg/kg iv, initial dose; 10 -15 mg·kg Ϫ1 ·h Ϫ1 , maintenance dose) and artificially ventilated (24) . Femoral arterial pressure was monitored using a pressure transducer connected to a blood pressure analyzer. Heart rate (HR) was derived from the pulsatile arterial pressure output of the blood pressure analyzer. T c was measured with a thermistor probe inserted ϳ5-6 cm into the colon and was kept at 38.0°C during surgical interventions by a temperature-controlled table.
Sympathetic Nerve Recordings
Activity was recorded biphasically with a platinum bipolar electrode after capacity-coupled preamplification (band pass 30 -3,000 Hz) from the central end of cut or distally crushed renal and splenic sympathetic nerves. The left renal and splenic nerves were isolated retroperitoneally, and nerve-electrode preparations were covered with silicone gel to prevent exposure to room air. The sympathetic nerve potentials were full-wave rectified and integrated (time constant 10 ms), which produced a smooth tracing of the synchronized discharges. Total power in renal SND and splenic SND was quantified as volts ϫ seconds (V·s) (18) , and SND recordings were corrected for background noise after administration of the ganglionic blocker, chlorisondamine (5 mg/kg iv) (18) .
The adequacy of anesthesia during the initial surgical procedures was indicated by the absence of a withdrawal reflex in response to mechanical stimulation of the tail or hindlimb. The adequacy of anesthesia after the establishment of SND recordings and following initiation of neuromuscular blockade was indicated by an inability of mechanical stimulation of the hindlimb or tail to increase SND or MAP.
RVLM Microinjections
Rats were placed in a stereotaxic apparatus, the incisor bar was set at Ϫ11 mm (50) , and the brain stem was exposed. As described by Ito and Sved (22) , target stereotaxic coordinates for the RVLM were 1.6 -2.0 mm rostral to calamus scriptorius, 1.7-2.1 mm lateral from midline, and 2.6 -3.2 mm below the dorsal surface of the brain. RVLM microinjections were completed using multibarrel glass micropipettes (3 barrels, outside tip diameter 40 -70 m) filled with appropriate drugs, with the pipette angled 20°rostrally (50) . Microinjection volumes were determined with the aid of an operating microscope by measuring the displacement of the fluid meniscus in the micropipette barrel with respect to a horizontal grid. The RVLM was functionally identified by completing glutamate (10 mM, 40 nl) (41) microinjections across a range of coordinates to locate the RVLM site producing the largest increase in SND and MAP.
Experimental Protocols
Following completion of surgical interventions, rats were allowed to stabilize for 60 min before initiation of experimental protocols. End-tidal CO 2 was measured using a micro-capnometer and was maintained near 4.0% during experimental interventions by adjusting the frequency of ventilation. T c was increased at an approximate rate of 0.08 -0.09°C/min using a heat lamp during heating experiments. Four experimental protocols involving RVLM microinjections were completed, and microinjectate volume was 100 nl for each microinjection. With the exception of a few experiments [e.g., RVLM N-methyl-D-aspartic acid (NMDA) microinjections at different levels of T c], experiments associated with each of the individual protocols (I-IV) were completed in separate rats, and microinjection experiments within each protocol were completed in separate rats. SND (renal and splenic), MAP, and HR were recorded continuously during each experiment. At the conclusion of each experiment, rats were euthanized via an overdose of methohexital sodium (Brevital, 150 mg/kg iv).
Protocol I. To determine the role of RVLM ionotropic EAAs in sustaining visceral sympathoexcitation at peak hyperthermia, bilateral RVLM Kyn microinjections (2.7 nmol, n ϭ 5; 5.4 nmol, n ϭ 6) were administered after T c had been increased to 41.5°C. Volume control experiments involved determining SND responses to bilateral RVLM saline microinjections (n ϭ 4) at a T c of 41.5°C. To determine the role of RVLM synaptic activation in sustaining visceral sympathoexcitation at peak hyperthermia, bilateral RVLM muscimol microinjections (400 -800 pmol, n ϭ 5) were completed at a T c of 41.5°C.
Protocol II. Experiments completed in this protocol were designed to determine the role of RVLM ionotropic EAAs in mediating SND responses during progressive hyperthermia. Bilateral RVLM microinjections of Kyn (2.7 nmol, n ϭ 7; 5.4 nmol, n ϭ 4) or saline (n ϭ 5) were administered during acute heating at a T c of 40°C. To determine the role of RVLM synaptic activation in mediating visceral sympathoexcitation during progressive hyperthermia, bilateral RVLM muscimol microinjections (400 -800 pmol, n ϭ 3) were completed at a T c of 40°C.
Protocol III. Experiments completed in this protocol were designed to determine the role of RVLM ionotropic EAAs in mediating SND activation at the onset of acute heating. At a baseline T c of 38°C, rats were pretreated with bilateral RVLM microinjections of either Kyn (2.7 nmol, n ϭ 15; 5.4 nmol, n ϭ 5) or saline (n ϭ 9). Five minutes after completion of RVLM microinjections, acute heating was initiated, and Tc was increased from 38 to 38.5°C over the course of 10 min. Temperature control experiments were completed by determining SND responses to bilateral microinjections of either Kyn (2.7 nmol, n ϭ 3; 5.4 nmol, n ϭ 6) or saline (n ϭ 7), with Tc maintained at 38°C for 15 min. Bilateral RVLM muscimol microinjections (400 -800 pmol, n ϭ 3) were completed at a Tc of 39°C to determine the contribution of RVLM synaptic activation to renal and splenic SND soon after the onset of acute heating.
Protocol IV. The effectiveness of RVLM Kyn microinjections to block ionotropic EAA receptors was confirmed by completing two separate experimental interventions. 1) With Tc maintained at 38.5°C (n ϭ 2), 40°C (n ϭ 1), and 41.5°C (n ϭ 4), SND and MAP responses to bilateral RVLM microinjections of NMDA (20 -40 pmol, n ϭ 7) were determined before and after (5-15 min) RVLM Kyn microinjections (2.7 nmol, n ϭ 4; 5.4 nmol, n ϭ 3).
2) The somatosympathetic reflex, which is known to be mediated via activation of RVLM ionotropic EAA receptors (31, 58) , was tested before and after bilateral RVLM Kyn microinjections. The sciatic nerve was exposed, immersed in mineral oil, and sectioned. The central end of the nerve was placed on bipolar stimulating electrodes, and the somatosympathetic reflex was elicited by recording SND responses to electrical stimulation (square-wave pulse, 200 -300 A, 1-ms duration) of the sciatic nerve (31, 58) . Sciatic nerve stimulation trials were completed before and 5-15 min after (5-10 min after stimulation, n ϭ 3; 10 -15 min after stimulation, n ϭ 3) RVLM microinjections of 2.7 nmol Kyn (MAP, n ϭ 3; renal SND, n ϭ 3; splenic SND, n ϭ 2) and 5.4 nmol Kyn (MAP, n ϭ 3; renal SND, n ϭ 3; splenic SND, n ϭ 2). In two experiments, MAP and renal SND responses to sciatic nerve stimulation were determined before and 20 min after RVLM Kyn microinjections (2.7 nmol, n ϭ 1; 5.4 nmol, n ϭ 1). Control experiments involved the completion (15-20 min apart) of successive trials of sciatic nerve stimulation without intervening RVLM Kyn microinjections (n ϭ 3).
Data and Statistical Analysis
Values are means Ϯ SE. Renal and splenic SND are expressed as percent change from baseline values (control), using the formula [(experimental SND Ϫ control SND)/control SND] ϫ 100. Statistical analyses included Student t-tests and analysis of variance techniques with a repeated-measures design, followed by Bonferroni post hoc tests. The overall level of statistical significance was P Ͻ 0.05.
RESULTS

Identification of the RVLM
The RVLM was functionally identified by demonstrating that bilateral microinjections of L-glutamate (10 mM, 40 nl) at target coordinates elicited increases in SND and arterial blood pressure. Figure 1 (top) shows abrupt increases in renal SND, splenic SND, and arterial blood pressure produced by microinjection of L-glutamate in the left RVLM from a representative experiment. Average increases in renal SND, splenic SND, and MAP to L-glutamate microinjections in right and left RVLM sites are summarized in Fig. 1 (bottom) .
Protocol I: Effects of RVLM Kyn Microinjections on SND Regulation at Peak Hyperthermia
Summarized renal SND (top left), splenic SND (top right), MAP (bottom left), and HR (bottom right) data are shown in Fig. 2 . T c was increased from 38 to 41.5°C in 40 min and maintained at this level for 3 min after RVLM Kyn (2.7 and 5.4 nmol), saline, and muscimol (400 -800 pmol) microinjections (designated by arrows). Each measured variable was significantly increased from preheating control levels after T c was elevated to 41.5°C. At peak hyperthermia (41.5°C), renal SND and splenic SND were abruptly reduced following RVLM muscimol microinjections, remained unchanged in response to RVLM saline microinjections, and either remained unchanged or were significantly increased in response to RVLM Kyn microinjections. At 41.5°C, MAP was reduced following RVLM muscimol microinjections, remained unchanged in response to RVLM saline microinjections, and either remained unchanged (Kyn, 5.4 nmol) or was significantly reduced (Kyn, 2.7 nmol) after RVLM Kyn microinjections. HR was not significantly changed after RVLM Kyn, muscimol, or saline microinjections at 41.5°C.
The effect of RVLM Kyn, saline, and muscimol microinjections on SND at peak hyperthermia was further analyzed by expressing SND values recorded 1 min after RVLM microinjections at 41.5°C as a percent change from levels recorded at 41.5°C immediately before microinjections. Results of this analysis are summarized in Fig. 3A . Renal SND (shaded bars) was significantly increased 1 min after RVLM Kyn microinjections at 2.7 and 5.4 nmol, whereas splenic SND (solid bars) was significantly increased after RVLM Kyn microinjections at 5.4 nmol. Renal and splenic SND remained unchanged after RVLM saline microinjections and were significantly reduced 1 min after RVLM muscimol microinjections.
Protocol II: Effects of RVLM Kyn Microinjections on SND Regulation During Progressive Hyperthermia
The effect of RVLM Kyn, saline, and muscimol microinjections on SND during progressive hyperthermia was analyzed by expressing SND values recorded 1 min after RVLM microinjections at 40°C as a percent change from levels recorded at 40°C immediately before microinjections (Fig. 3B) . Renal SND (shaded bars) and splenic SND (solid bars) were significantly increased 1 min after RVLM Kyn microinjections (2.7 and 5.4 nmol), remained unchanged after RVLM saline micro-injections, and were significantly reduced after RVLM muscimol microinjections (400 -800 pmol) at 40°C. MAP and HR were not significantly changed 1 min after RVLM Kyn (2.7 and 5.4 nmol) or saline microinjections at 40°C (data not shown), whereas RVLM muscimol microinjections at 40°C reduced MAP (22 Ϯ 4 mmHg). Figure 4A shows summarized changes in renal and splenic SND (top) and MAP and HR (bottom) at a T c of 38°C 5 min after rats received bilateral RVLM microinjections of Kyn (2.7 or 5.4 nmol) or saline (designated by arrows) (microinjections completed at 38°C) and during the initiation of acute heating that increased T c from 38 to 38.5°C over a period of 10 min. With T c maintained at 38°C, renal and splenic SND were significantly increased 5 min after RVLM Kyn microinjections at 5.4 nmol, but remained unchanged after RVLM Kyn microinjections at 2.7 nmol and after RVLM saline microinjections (Fig. 4A, top) . With the onset of acute heating (T c increased from 38 to 38.5°C), renal and splenic SND were significantly higher in RVLM Kyn-treated (2.7 and 5.4 nmol) compared with RVLM saline-treated rats, and in rats treated with RVLM Kyn at 5.4 nmol compared with 2.7 nmol (Fig. 4A, top) . MAP and HR remained unchanged 5 min after RVLM Kyn (2.7 and 5.4 nmol) and saline microinjections with T c maintained at 38°C (Fig. 4A, bottom) . With the onset of acute heating, MAP and HR were significantly higher in rats treated with RVLM Kyn at 5.4 nmol compared with 2.7 nmol, and in rats treated with RVLM Kyn at 5.4 nmol compared with RVLM salinetreated rats (Fig. 4A, bottom) . RVLM muscimol microinjections (400 -800 pmol, n ϭ 3) completed at 39°C in separate experiments significantly reduced renal (Ϫ64 Ϯ 8%, P Ͻ 0.05) and splenic SND (Ϫ66 Ϯ 7%, P Ͻ 0.05). Figure 4B shows summarized renal and splenic SND (top) and MAP and HR (bottom) responses in rats treated at a T c of 38°C with bilateral RVLM microinjections of Kyn (2.7 or 5.4 nmol) or saline (designated by arrows), and maintained at this T c for 15 min after RVLM microinjections. Renal SND remained unchanged from control after RVLM Kyn microinjections at 2.7 nmol and after RVLM saline microinjections, but was significantly increased from control levels 15 min after RVLM Kyn microinjections at 5.4 nmol (Fig. 4B, top) . Splenic SND, MAP, and HR remained unchanged from control after RVLM Kyn (2.7 and 5.4 nmol) and saline microinjections (Fig.  4B, top and bottom) .
Protocol III: Effects of RVLM kyn Microinjections on SND Regulation at the Initiation of Acute Heating
Protocol IV: Effects of RVLM kyn Microinjections on SND Responses to RVLM NMDA Microinjections and to Sciatic Nerve Stimulation
Consecutive bilateral RVLM microinjections of NMDA (20 -40 pmol) were completed before and after (5-15 min) RVLM Kyn microinjections in experiments with T c maintained at 38.5°C (n ϭ 2), 40°C (n ϭ 1), and 41.5°C (n ϭ 4). The initial RVLM NMDA microinjections markedly increased SND (renal and splenic combined) and MAP (Fig. 5 , RVLM NMDA). SND and MAP responses were significantly reduced when the second RVLM NMDA microinjections were completed after the RVLM was treated with Kyn (2.7 nmol, n ϭ 4; 5.4 nmol, n ϭ 3) (Fig. 5, RVLM Kyn ϩ NMDA) . Figure 6A shows traces of renal SND, splenic SND, and arterial blood pressure responses to successive trials of sciatic nerve stimulation in a representative experiment. The initial sciatic nerve stimulation trial (left) induced marked increases in SND and arterial blood pressure, responses that were not induced by the second sciatic nerve stimulation trial (right), which was completed after bilateral RVLM Kyn (5.4 nmol) microinjections. Sciatic nerve stimulation trials were completed before and 5-15 min after RVLM microinjections of 2.7 and 5.4 nmol Kyn ( Table 1) . As expected, the initial sciatic nerve stimulation trial induced substantial increases in MAP, renal SND, and splenic SND (Table 1) , whereas, after RVLM Kyn injections at 2.7 and 5.4 nmol, the second sciatic nerve stimulation trial induced modest increases or decreases from control levels in MAP and SND (Table 1) . In contrast, stimulation-induced increases in MAP (initial stimulation, ϩ23 Ϯ 3 mmHg; second stimulation, ϩ24 Ϯ 2 mmHg) and SND (initial stimulation, ϩ68 Ϯ 17%; second stimulation, ϩ59 Ϯ 14%, renal and splenic SND combined for presentation) did not substantially differ when successive sciatic nerve stimulation trials were completed (15-20 min apart) without intervening RVLM Kyn microinjections (n ϭ 3) (Fig. 6B shows a representative example).
In two experiments, MAP and renal SND responses to sciatic nerve stimulation were determined before and 20 min after RVLM Kyn microinjections (2.7 nmol, n ϭ 1; 5.4 nmol, n ϭ 1). The initial stimulation trial increased MAP (stimulation Fig. 3 . A: changes in renal SND and splenic SND from levels recorded at 41.5°C 1 min after completion of bilateral RVLM Kyn (2.7 nmol, n ϭ 5; 5.4 nmol, n ϭ 6), saline (n ϭ 4), and Mus microinjections (400 -800 pmol, n ϭ 5) (Tc maintained at 41.5°C 1 min after completion of RVLM microinjections). Values are means Ϯ SE. *Significantly different from peak-heating levels at 1 min postmicroinjection. B: changes in renal SND and splenic SND from levels recorded at 40°C 1 min after completion of bilateral RVLM Kyn (2.7 nmol, n ϭ 7; 5.4 nmol, n ϭ 4), saline (n ϭ 5), and Mus (400 -800 pmol, n ϭ 3) microinjections (Tc maintained at 40°C 1 min after completion of RVLM microinjections). *Significantly different from values recorded at 40°C at 1 min postmicroinjection. before 2.7 nmol Kyn, ϩ16 mmHg; stimulation before 5.4 nmol Kyn, ϩ21 mmHg) and renal SND (stimulation before 2.7 nmol Kyn, ϩ64%; stimulation before 5.4 nmol Kyn, ϩ81%) from control levels. In contrast, the second stimulation trial completed 20 min after bilateral RVLM Kyn microinjections produced either no change or modest reductions from control levels in MAP (stimulation after 2.7 nmol Kyn, Ϫ2 mmHg; stimulation after 5.4 nmol Kyn, Ϫ4 mmHg) and renal SND (stimulation after 2.7 nmol Kyn, Ϫ11%; stimulation after 5.4 nmol Kyn, Ϫ21%).
DISCUSSION
The present study revealed two novel findings regarding RVLM regulation of visceral sympathoexcitation to acute heating. First, RVLM Kyn microinjections did not reduce levels of renal and splenic SND recorded during progressive (T c ϭ 40°C) or peak (T c ϭ 41.5°C) hyperthermia and did not attenuate SND activation at the onset of heating. The resistance of heating-induced visceral sympathoexcitation to RVLM Kyn indicates that RVLM ionotropic glutamate receptors are not required for mediating sympathetic activation to acute heating, a significant finding based on the substantial increases in visceral SND produced by progressive hyperthermia. It is important to note that bilateral RVLM muscimol microinjections at the initiation, progressive activation, and peak phases of acute heating produced significant reductions in visceral SND, demonstrating that the integrity of RVLM neural circuits is required for mediating visceral sympathoexcitatory responses to acute heat stress. Second, after increasing T c to 40 and 41.5°C, RVLM Kyn microinjections tended to increase, or significantly increased, levels of renal and splenic SND, and the SND responsiveness at the initiation of heating was significantly enhanced after pretreatment of the RVLM with Kyn. The increase in visceral SND following RVLM Kyn microinjections at the onset of heating and during hyperthermia suggests that acute heating activates an ionotropic EAA receptordependent inhibitory input to RVLM neural circuits, which reduces the level of visceral SND to heating.
Based on the established role of RVLM ionotropic EAA receptors in cardiovascular and SND regulation in pathophysiological states characterized by sustained activation of sympathetic nerve outflow (8, 20, 21, 59 ) and in SND and arterial blood pressure responses to numerous acute physical stressors (2, 6, 32, 39, 42) , activation of RVLM ionotropic glutamate receptors has often been considered obligatory for mediating stimulus-induced cardiovascular and SND responses. How- ever, the current results demonstrate that SND activation at the onset, progressive activation, and peak phases of acute heating is resistant to antagonism of RVLM ionotropic glutamate receptors. This finding suggests a high degree of intrinsic complexity in the regulation of RVLM neural circuits and supports several existing lines of evidence demonstrating functional specificity in the RVLM regulation of SND. For example, Kiely and Gordon (32) reported that RVLM Kyn microinjections eliminated MAP responses to sciatic nerve stimulation, but not to electrical stimulation of hypothalamic sites, indicating that cardiovascular responses to selected stimuli can be mediated via mechanisms other than activation of RVLM ionotropic EAA receptors. Similarly, RVLM Kyn microinjections block splanchnic sympathoexcitatory responses to stimulation of peripheral, but not central, chemoreceptors (42) , demonstrating stimulus specificity in the involvement of RVLM ionotropic glutamate receptors in mediating SND activation. Moreover, Mayorov and Head (39) reported that RVLM Kyn injections attenuate the initial increases in renal SND and arterial blood pressure to emotional stress, but exert little effect on the sustained responses to this stressor, indicating that SND responses to specific stimuli can be mediated via multiple receptor systems and/or neural pathways, including, at least in part, via activation of RVLM ionotropic glutamate receptors.
The results of several investigations have reported that blockade of RVLM ionotropic glutamate receptors in the rat exerts little effect on resting levels of MAP (22, 32, 57, 59) , leading to the suggestion that RVLM presympathetic neurons do not receive substantial tonic excitatory input from ionotropic EAA receptors. However, Ito and Sved (22) proposed that, under basal conditions, blockade of RVLM inotropic EAA receptors removes both tonic excitatory and inhibitory influences on RVLM sympathoexcitatory neurons, resulting in little or no change in sympathetic nerve outflow or MAP, and supporting the idea that central regulation of basal SND may include a novel RVLM glutamate-activated inhibitory pathway. The results of the present study extend these findings by demonstrating for the first time that visceral SND activation to acute heating is enhanced after RVLM Kyn microinjections, providing support for an inhibitory role for glutamatergic activation of RVLM ionotropic EAA receptors during heating. The presence of a counterbalancing inhibitory input to RVLM neural circuits during heat stress suggests a high degree of regulatory finesse in SND regulation during this environmental stressor. The present results also suggest that RVLM ionotropic glutamate receptors provide a degree of inhibitory tone to the basal regulation of SND as renal and splenic SND were significantly increased from control levels following RVLM Kyn microinjections at 5.4 nmol. It has been previously reported that, in anesthetized rats, arterial blood pressure and lumbar SND are significantly increased following RVLM Kyn microinjections (43) , and arterial blood pressure is increased after blockade of RVLM NMDA receptors (31) . It should be noted that several dose-associated response differences were observed in the present study. For example, basal SND was increased following RVLM Kyn microinjections at 5.4 nmol, but not 2.7 nmol, MAP was reduced at peak hyperthermia after RVLM Kyn microinjections at 2.7 nmol, but not 5.4 nmol, and, following RVLM Kyn microinjections of 2.7 nmol, both renal and splenic SND were significantly increased during progressive, but not peak, hyperthermia. Because of differences in the level of SND activation (basal vs. acute heating), levels of T c (initiation, progressive hyperthermia, peak hyperthermia), and experimental variables affected (MAP, renal SND, splenic SND), it is difficult to draw definitive conclusions from the present data regarding dose-related Kyn effects on RVLM SND regulation. Values are means Ϯ SE; n, no. of rats. RVLM, rostral ventrolateral medulla; Kyn, kynurenic acid; ⌬, change; MAP, mean arterial pressure; SND, sympathetic nerve discharge.
The resistance of heating-induced visceral sympathoexcitation to RVLM Kyn indicates that SND activation to acute heating is not dependent on RVLM ionotropic glutamate receptors, suggesting a role for alternative mechanisms. The excitatory effect of heating on sympathetic neural circuits could result from an intrinsic thermal sensitivity of RVLM presympathetic neurons, although this would require a substantial degree of local neuronal selectivity as acute heating does not increase the level of activity in all sympathetic nerves, and, in fact, increased T c decreases SND to the caudal ventral artery in the anesthetized rat (23) . Alternatively or in addition, activation of RVLM neurons could be dependent on synaptic inputs from cells that do not operate via ionotropic glutamate receptors. Moreover, it is well established that the endogenous RVLM GABAergic system is tonically inhibitory to SND (3, 10, 11, 15) ; therefore, it is plausible that withdrawal of GABAergic tone to RVLM presympathetic neurons, i.e., disinhibition of sympathetic neural circuits, could contribute to heating-induced sympathetic activation.
Although the primary rationale for completing the present study was based on the established findings that progressive hyperthermia produces marked activation of visceral SND (25) (26) (27) (28) (29) (30) and that maintenance of sympathetic activation at peak hyperthermia is dependent on the integrity of RVLM neural circuits (18) , acute heating was chosen as the physiological stimulus in the present study for several additional reasons. First, heating-induced sympathoexcitatory responses play a critical role in mediating cardiovascular responses to increased T c . For example, blockade of autonomic ganglionic transmission during hyperthermia reduces arterial pressure to values less than those produced by ganglionic blockade at normothermia (26) , suggesting that sympathetic activation is important for counteracting vasodilatory influences during acute heating. Second, heat illness/stroke are medical emergencies that are characterized by sympathetic nervous system dysregulation and cardiovascular alterations (19, 33, 35, 37) . Heat-related pathophysiological complications contribute to high levels of mortality worldwide (1, 4, 5, 12, 13, 47, 52) , and there is a high likelihood that heat stoke is often misdiagnosed or underreported, especially in less developed regions of the world, thereby substantially underestimating the morbidity and mortality effects of heat waves (12) . Importantly, the frequency and intensity of heat waves throughout the world have increased, and climate models predict an even higher incidence of severe heat waves (40, (45) (46) (47) 49) . Third, excess mortality from hyperthermia and cardiovascular disease occurs in aged humans during heat waves (1, 13) , and SND responses to hyperthermia are attenuated in aged compared with young F344 rats (28) and in young heart failure compared with young sham heart failure rats (29) , demonstrating that individually both advanced age and heart failure affect sympathetic nervous system responsivity to acute heating. However, mechanisms mediating attenuated SND responses to heating in aged rats and in young rats with heart failure remain virtually unknown, due primarily to the fact that little information is known regarding central neurotransmitter/receptor mechanisms mediating SND responses to acute heat stress in young, healthy rats.
The present study was completed using an anesthetized preparation because, at least in our hands, it is difficult to complete brain stem microinjections while simultaneously recording the discharges in multiple sympathetic nerves in a conscious preparation. Importantly, SND responses to acute heat stress are qualitatively similar in awake and conscious preparations, as heat stress increases SND in conscious humans (9, 44) , conscious rats (34) , and young, anesthetized rats (25) (26) (27) (28) (29) (30) , whereas SND remains unchanged during acute heating in conscious (53) and anesthetized (28) aged F344 rats. Consistent with our laboratory's previous findings (18), we are confident that the RVLM was successfully targeted in the present study, as demonstrated by the observations that bilateral microinjections of L-glutamate at target coordinates elicited marked increases in SND and arterial blood pressure, and that RVLM muscimol microinjections during heating produced significant reductions in visceral SND and arterial blood pressure. However, as with any microinjection study, it is difficult to precisely assess the diffusion area of the microinjectate; therefore, we cannot exclude the possibility that adjoining medullary areas may play a role in mediating the observed SND responses. Although RVLM Kyn microinjections did not reduce or attenuate visceral SND responses to acute heating, three lines of evidence indicate that the Kyn microinjections were efficacious. First, RVLM Kyn blocked the visceral sympathoexcitation elicited via stimulation of sciatic nerve afferents. Second, RVLM Kyn effectively antagonized sympathoexcitatory and pressor responses produced by microinjection of NMDA into the RVLM, consistent with the results of a previous study by Kiely and Gordon (32) . Third, because it was speculated that the visceral sympathoexcitation to acute heating may be dependent on activation of RVLM ionotropic EAA receptors, we considered the possibility that the excitation of RVLM neural circuits during acute heating may be so profound that Kyn microinjections at 2.7 nmol do not sufficiently block RVLM ionotropic glutamate receptors. If this was the case, then RVLM Kyn microinjections at a dose of 5.4 nmol would be expected to produce a more efficacious blockade of ionotropic glutamate receptors, leading to Kyn-induced reductions in SND and MAP during heating. However, the present results demonstrate that RVLM Kyn microinjections at 5.4 nmol did not reduce SND or MAP at the onset of acute heating or during progressive and peak hyperthermia.
Perspectives and Significance
The sympathetic nervous system plays a critical role in mediating physiological changes to acute physical stress. Hyperthermia is an excellent intervention for studying regulation of central sympathetic nerve outflow, because visceral SND is markedly activated during increased T c , brain stem neural circuits are critically involved in mediating SND responses to acute heating, heat stroke is associated with sympathetic nervous system dysregulation and changes in arterial blood pressure, subjects with compensated cardiovascular systems and the aged are particularly vulnerable to mortality in heat waves, and SND responses to acute heating are substantially altered in aged subjects (humans and rats). However, a dearth of information exists regarding central mechanisms mediating SND responses to acute heating in young or aged subjects. The present results indicate that heating-induced visceral sympathoexcitation in young rats occurs in the presence of pharmacological antagonism of RVLM inotropic glutamate receptors, and that sympathetic activation to heating tends to be or is enhanced after RVLM Kyn microinjections. These data pro-vide insight into the dynamic nature of RVLM sympathetic neural circuits involved in mediating sympathetic activation to acute physical stress and support the notion that regulation of RVLM sympathetic neural circuits involves a high level of intrinsic complexity.
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